Central aortic systolic blood pressure (SBP-C) can be estimated from a cuff oscillometric waveform derived during the pulse volume plethysmography (PVP) by applying a device-specific aortic pressure-to-PVP waveform-generalized transfer function (A2P GTF ). The present study compared the performance of an aortic-to-brachial pressure waveforms generalized transfer function (A2B GTF ), which is independent of any PVP devices, with an A2P GTF . Generalized transfer function of aortic-to-brachial (A2B GTF ) and aortic-to-PVP (A2P GTF ) were generated from the simultaneously obtained central aortic and brachial pressure waveforms recorded by a highfidelity dual pressure sensor catheter, and the PVP waveform recorded by a customized noninvasive blood pressure monitor during cardiac catheterization in 40 patients, and were then applied in another 100 patients with simultaneously recorded invasive aortic pressure and noninvasively calibrated (using cuff SBP and diastolic blood pressures) PVP waveforms. The mean difference±s.d. between the noninvasively estimated and invasively recorded SBP-C was À 2.1 ± 7.7 mm Hg for A2B GTF , which was not greater than that of À 3.0 ± 7.7 mm Hg for A2P GTF (Po0.01). In conclusion, SBP-C can be measured reliably using a noninvasive blood pressure monitor by applying either an A2P GTF or A2B GTF to a noninvasively calibrated PVP waveform. The performance of an A2B GTF is not inferior to that of an A2P GTF .
INTRODUCTION
Arterial pulse is generated from the ejection of the left ventricle and transmitted through central aorta to peripheral arteries. 1, 2 The contours of the arterial pulse progressively change due to the impact of the ubiquitous wave reflections along the branching arterial tree with finite length, so do the systolic blood pressure (SBP) values. 1 SBP at central aorta (SBP-C) integrates left ventricular contraction, total arterial compliance and summation of wave reflections from the whole arterial tree, and may represent the constitutional coupling between the left ventricle and the arterial system. 3 In contrast, SBP at brachial arteries (SBP-B) is considered as a rough SBP-C surrogate, due to its sensitivity to the regional wave reflections. 2, 4 Therefore, SBP-C is better than SBP-B as an indicator of hemodynamic load and stress to the heart and large vessels at rest, during pharmacological intervention, and after exercise. 3, [5] [6] [7] [8] SBP-C can be estimated noninvasively by a variety of techniques. 9, 10 Most techniques involve the acquisition of a high-fidelity peripheral pressure waveform by arterial tonometry and subsequent transformation or direct analysis of the acquired pressure waveform. 9, 10 The noninvasively derived SBP-C has been shown to predict cardiovascular events better than the cuff SBP-B. 7, 8, [11] [12] [13] More recently, novel techniques based on the analysis of a pulse volume plethysmography (PVP) waveform recorded using various oscillometric blood pressure monitoring devices have been developed. 5, [14] [15] [16] The brachial cuff-based techniques are apparently simpler and more convenient than the tonometrybased techniques and thus have great potential for ambulatory or home-monitoring applications. However, there are also concerns about the accuracy of the estimated SBP-C because the cuff is elastic and contains compressed air. The PVP waveforms extracted from the oscillations of cuff pressure are damped pressure/volume signals and may lack sufficient high-frequency components to define an accurate brachial pressure waveform. 1, 17 The accuracy of the estimated SBP-C may further be compromised when using a generalized transfer function technique, 15 especially when a generalized transfer function between the central aortic pressure and the PVP waveforms (A2P GTF ) is applied to PVP waveforms not recorded from the same PVP device that was used to generate the A2P GTF . On the other hand, we have shown that an aortic-to-brachial pressure waveform-generalized transfer function (A2B GTF ) can accurately estimate the invasively measured SBP-C when applied to an invasively acquired brachial pressure waveform. 18 The A2B GTF is independent of any PVP devices. Therefore, the purpose of the present study was to compare the performance of an A2B GTF with A2P GTF in the estimation of SBP-C using a noninvasive blood pressure monitor with PVP functionality.
METHODS

Study population
The study protocols were approved by the Institutional Review Board at Taipei Veterans General Hospital, Taiwan, and adhered to the principles of the Declaration of Helsinki. Written informed consents were obtained from all patients before enrollment into the studies.
Study population comprised of two independent groups, namely, the generation group (n ¼ 40) and validation group (n ¼ 100). Patient characteristics for both groups were similar (Table 1) and have been reported previously. 5, 18 All 140 study subjects were referred for diagnostic cardiac catheterization. Patients who had acute coronary syndrome, peripheral arterial disease, rhythms other than normal sinus rhythm, or more than 3 mm Hg pressure differences between left and right arms, had been excluded from the studies.
Data acquisition
In the generation group, a 2F custom-made dual pressure sensor catheter (model SSD-1059, Millar Instruments Inc., Houston, TX, USA) within a standard 6F Judkins coronary artery catheter was advanced using the trans-radial approach until the first pressure sensor was in the ascending aorta just distal to the aortic valves and the second pressure sensor in the right brachial artery at the level of mid-humerus. Both pressure sensors were outside the Judkins catheter. A validated oscillometric blood pressure monitor (WatchBP Office; Microlife AG, Widnau, Switzerland) was used to measure the noninvasive systolic, mean and diastolic pressures (SBP-O, MBP-O and DBP-O), and was customized to perform PVP at cuff pressure of 60 mm Hg in the opposite arm. 18 Simultaneous invasive right brachial and central aortic pressure and noninvasive left brachial PVP waveforms were recorded for consecutive 20-30 beats to cover at least two respiratory cycles.
In the validation group, a 2F micromanometer-tipped catheter (model SPC-320, Millar Instruments, Houston, TX, USA) within a standard 6F Judkins coronary artery catheter was advanced into the brachial artery until the sensor was positioned at the level of mid-humerus using the trans-radial approach. SBP-O, MBP-O and DBP-O were measured and PVP waveform at cuff pressure of 60 mm Hg in the left arm was obtained using a commercially available device (VP-2000, Colin Corporation, Komaki, Japan). 5, 19 Simultaneous invasive right brachial pressure and left brachial PVP waveforms were recorded for consecutive 20-30 beats. Subsequently, the catheter-tipped sensor was advanced until it was positioned at the level of aortic valves. Measuring of SBP-O, MBP-O and DBP-O was repeated and simultaneous invasive aortic pressure and left brachial PVP waveforms were recorded for consecutive 20-30 beats.
All pressure waveform signals were digitized instantaneously for off-line analysis using LabVIEW 8.2 and DAQ-6062 (National Instruments, Austin, TX, USA) at a sampling rate of 500 and 250 Hz, for the generation and validation groups, respectively.
Data analysis
The digitized signals were analyzed using custom-designed software developed on a commercial software package (Matlab, version 7.0, The MathWorks, Inc., Natick, MA, USA). All processed individual signals were subjected to fully automatic batch analysis to avoid inter-and intraobserver variations. Consecutive 20-30 beats of the simultaneously derived brachial/aortic/PVP waveforms and aortic/PVP waveforms were signal averaged to one beat of individual waveforms, respectively. The simultaneous waveforms were aligned at identical start-systolic points. 1, 18 Generation group (n ¼ 40). The simultaneously recorded invasive brachial pressure and the PVP waveforms calibrated to invasive brachial SBP and DBP were analyzed in both the time and frequency domains. For comparison in the time domain, all 40 individual brachial pressure and PVP waveforms were resampled to 512 points and then ensemble averaged to one waveform, respectively. For comparison in the frequency domain, the 512-point discrete Fourier transforms of the individual brachial and PVP waveforms were evaluated to yield the average moduli and phase angles up to 9 Hz.
An individual transfer function between the aligned aortic and brachial pressure waveforms for each patient was calculated by division of the moduli and subtraction of the phase angles from their 512-point discrete Fourier transforms. 1, 18, 20 From the 40 individual transfer functions, a generalized transfer function (A2B GTF ) was computed by averaging the modulus and phase within bins of 1 Hz and its multiples for the first 9 Hz. 20 Another generalized transfer function between the aligned aortic pressure and PVP waveforms (A2P GTF ) was also generated using the same method. The PVP waveforms were calibrated to the invasive brachial SBP and DBP.
Reconstruction of the individual aortic pressure waveform was performed by reverse transformation using A2B GTF or A2P GTF applied to the discrete Fourier transform of an invasive brachial pressure waveform or a calibrated PVP waveform. 20 Linear interpolation was used to obtain values from each generalized transfer function for intermediate frequencies conformed to an individual's heart rate. 20 Validation group (n ¼ 100). The performances of A2B GTF and A2P GTF in the estimation of SBP-C when applied to a noninvasively calibrated PVP waveform were examined in another 100 patients with simultaneously recordings of central aortic pressure and PVP waveforms.
The averaged brachial and aortic and reconstructed aortic pressure waveforms were analyzed to derive blood pressure values. SBP and DBP were at the peak value and value at end-diastole of the pressure wave, respectively, and the difference was pulse pressure. Mean blood pressure was determined from the total area under the pressure curve.
To investigate the effects of different calibration methods on the errors in the estimation of SBP-C, invasive brachial pressure waveforms in the generation group were recalibrated to SBP-O and DBP-O or MBP-O and DBP-O, respectively, before the application of the generalized transfer functions. PVP waveforms in both the generation and validation groups were also recalibrated to MBP-O and DBP-O, in addition to calibration to SBP-O and DBP-O.
Statistical analyses
Data are presented as mean ± s.d. Agreements between the generalized transfer function-derived and the invasively measured SBP-C were examined using the paired samples t-test and the Bland-Altman analysis.
Comparison of the performance of A2B GTF versus A2P GTF was performed using the paired samples t-test for the mean differences between the noninvasively estimated and invasively measured SBP-C using A2B GTF and A2P GTF , respectively. Statistical significance was declared at the two-tailed P o0.05 level. 
RESULTS
Comparisons between the brachial pressure and PVP waveforms
The ensemble averaged brachial pressure and PVP waveforms are shown in Figure 1a . The PVP waveform generally corresponded to the brachial pressure waveform except for that it had a less rapid upstroke and a slower decline from peak ( Figure 1a , upper panel). When only the low-frequency components (o4 Hz) of the brachial and PVP waveforms were compared (the brachial and PVP waveforms reconstructed from only the low-frequency components of their respective discrete Fourier transforms), the upstrokes and peaks almost superimposed (Figure 1a, lower panel) . The brachial pressure and PVP waveforms had similar amplitude spectra with most amplitude concentrated in the 0B3 Hz (Figure 1b, upper panel) . The PVP spectrum had relatively high amplitude over the 0B1 Hz and relatively low amplitude over 2, 3 and 5-9 Hz (Figure 1b, middle two panels) . The brachial and PVP phase spectra were very similar with only small differences (Figure 1b, bottom panel) . Figure 2a displays the A2B GTF describing the transformation from aortic-to-brachial pressure waveforms. Detailed parameters of the A2B GTF are provided in the Supplementary Table S1. The peak amplitude of the A2B GTF occurred at 4 Hz. As indicated by the small s.d., there was minimal inter-patient variability over the lowfrequency range (o4 Hz) and the variability increased considerably after 4 Hz. The magnitude spectrum of A2B GTF was similar to that reported by Karamanoglu et al. 20 and the two generalized transfer functions superimposed over 0B3 Hz. In contrast, Karamanoglu's A2B GTF had a monotonically decreasing phase spectrum reflecting the increasing time lag with increasing frequency between the unaligned aortic and brachial pressure wave forms. Figure 2b displays the A2P GTF between the aortic pressure and the invasively calibrated PVP waveforms. The A2P GTF superimposed with the A2B GTF over the 0B4 Hz in the magnitude and phase spectra, and then the magnitude of A2P GTF declined sharply over the high-frequency range.
Constructs of the generalized transfer functions
Generation of SBP-C using A2B GTF and A2P GTF In the generation group (n ¼ 40), the application of the A2B GTF to the invasively recorded brachial pressure waveforms (0B9 Hz) effectively reconstructed aortic pressure waveforms that yielded the estimated values of SBP-C with negligible bias and random error ( Table 2) . 18 The application of the A2B GTF to the lowfrequency components of brachial pressure waveforms (o4 Hz) only slightly increased the random error ( Table 2 ). The full (p9 Hz) or only the low-frequency components (o4 Hz) of the noninvasively calibrated PVP waveform was a good surrogate of the brachial pressure waveform in the estimation of SBP-C using either A2B GTF or A2P GTF , with only slightly increased bias and random error ( Table 2 ).
In the validation group (n ¼ 100), the application of A2B GTF or A2P GTF to the simultaneously recorded PVP waveforms calibrated to SBP-O and DBP-O yielded estimated SBP-C, with biases and random errors similar to those in the generation group ( Table 2 ). The mean difference±s.d. between the noninvasively estimated and invasively recorded SBP-C was À 2.1 ± 7.7 mm Hg for A2B GTF , which was not greater than that of À 3.0 ± 7.7 mm Hg for A2P GTF . No systematic bias was observed with application of the A2B GTF or A2P GTF to the full (p9 Hz) of the noninvasively calibrated PVP waveforms over the wide range of SBP-C (Figure 3 ).
Errors from different calibration methods Recalibration of the invasive brachial pressure waveforms to SBP-O and DBP-O introduced acceptable errors in the estimation of SBP-C when using the generalized transfer function approach (Table 3) . 18 In contrast, the errors inflated dramatically when MBP-O and DBP-O instead of SBP-O and DBP-O were used to calibrate either the invasive brachial pressure or the PVP waveforms (Table 3) . 
DISCUSSION
A brachial-cuff based PVP waveform tracks brachial pressure waveform with some discrepancies resulting from the lack of sufficient signals in the high-frequency components of the former. Notwithstanding, the present study clearly demonstrates that the low-frequency components of an invasive brachial pressure or a noninvasive PVP waveform are enough to estimate SBP-C using a generalized transfer function approach. SBP-C can be measured reliably using a noninvasive blood pressure monitor by applying either an A2P GTF or A2B GTF to a noninvasively calibrated PVP waveform. The performance of an A2B GTF is not inferior to that of an A2P GTF . Our results strongly support the use of the brachial PVP waveform derived from an oscillometric device to estimate SBP-C over the range of heart rates studied, without the need for acquisition of a high fidelity brachial pressure waveform. As PVP can easily be implemented in most noninvasive oscillometric blood pressure monitors, it is expected that the brachial cuffbased SBP-C will be widely available and will impact on the diagnosis and management of hypertension in the near future. A generalized transfer function between the aortic and radial pressure waveforms (A2R GTF ) can reproduce very accurate SBP-C from a radial pressure waveform, when it is applied in the absence of calibration error. 21, 22 However, the application of A2R GTF to generate an aortic pressure waveform from a radial pressure waveform for other hemodynamic analysis remains debatable, 21, 23, 24 because of the substantial variability in the modulus of the individual aorta-to-radial transfer function between and within subjects over the high-frequency range (44 Hz). 21 In the present study, the population with a mean heart rate of 67 beats per min, we further extended that the interindividual variability of the A2B GTF is small over the low-frequency range (o4 Hz) but is large over the high-frequency range. Despite this, the present study demonstrated that the A2B GTF was good enough to estimate SBP-C from a brachial pressure or PVP waveform.
PVP registers the oscillations of a constant cuff pressure at 60 mm Hg or other pre-defined levels. 5 The PVP waveform is determined by the pressure-volume relationship of the underline brachial artery, the volume-pressure relationship of the cuff filled with compressed air and the mechanical properties of the arm and cuff tissues. 17, 25 Thus, differences between the brachial pressure and the PVP waveforms are expected and the existence of a generalized aortic pressure-to-PVP waveform transfer function is in doubt. The present study demonstrated the similarity and difference between the simultaneously measured invasive brachial pressure and the PVP waveforms in both the time and frequency domains. Based on the similarity of the two waveforms in the time domain, we have developed a novel oscillometric method to estimate SBP-C by directly analyzing the PVP waveform. 5 Because of the similarity over the low-frequency range in the frequency domain, the present study clearly showed that SBP-C could also be estimated by application of an A2P GTF on a noninvasively calibrated PVP waveform, at least in older adults undergoing cardiac catheterization under control conditions with heart rate up to 102 beats per min. The A2P GTF simulated the A2B GTF up to 4 Hz (Figure 2b ). As the A2P GTF was produced from one oscillometric blood pressure monitor (WatchBP Office; Microlife AG) and then applied to another oscillometric device (VP-2000, Colin Corporation) with declining performance, the performance of A2P GTF may be device dependent. On the other hand, the A2B GTF defines the aortic-tobrachial pressure waveforms relationship irrespective of the brachial pressure-PVP waveforms relationship. The present study clearly showed that direct application of the A2B GTF to PVP waveforms yielded SBP-C estimates, at least as accurate as those using the A2P GTF . The results may imply that the brachial pressure-PVP waveforms relationship has little role in the noninvasive estimation of SBP-C and that the A2B GTF can directly be applied to estimate SBP-C with other noninvasive blood pressure monitors, without the need to generate a device-specific A2P GTF .
A similar oscillometric method (ARCSolver) using the PVP waveform and a A2P GTF approach to estimate SBP-C has been reported. 14, 15 In their invasive study of 30 subjects, mean difference between the noninvasively estimated and invasively recorded SBP-C was 3.0 ± 9.5 mm Hg. 15 In their noninvasive study of 110 patients, SBP-C measured with the ARCSolver method was comparable to that with the SphygmoCor method. 15 Although it is unclear whether their A2P GTF was generated from real or simulated aortic and PVP waveforms, 26 our study supported that a generalized transfer function approach is suited to provide a realistic estimation of SBP-C from a brachial PVP waveform, 15 at least in older adults under basal conditions and without vasoactive drug challenge.
The major limitation of the generalized transfer function techniques in the estimation of SBP-C remains to be the calibration error. 18, 27, 28 In particular, the authors of ARCSolver method favored the calibration of the PVP waveform with MBP-O and DBP-O, instead of SBP-O and DBP-O. In contrast, the present study clearly showed an inflation of errors when MBP-O and DBP-O were used for calibration (Table 3) . Although it is generally believed that the oscillometric procedure actually measures the intra-arterial mean pressure, the noninvasive blood pressure monitors are required to validate against the noninvasive cuff SBP and DBP, not the intra-arterial mean pressure. 29 Therefore, MBP-O may not be more accurate than SBP-O and DBP-O, when compared with the invasive measurements. 5, 30 Whenever MBP-O underestimates the invasive MBP and DBP-O overestimates the invasive DBP, the calibrated PVP waveform becomes severely compressed and produces huge underestimation of the invasive SBP (Figure 4 ). In addition, we have demonstrated that noninvasive application of the generalized transfer function techniques produces estimate of SBP-C with error equivalent to that of the oscillometric blood pressure monitor in the estimation of SBP-B. 18 The output error can be predicted from input error of SBP-O. 18 Thus, the discrepancy between their study and ours is also partly due to the different performance of the noninvasive blood pressure monitors used in the two studies. Their noninvasive blood pressure monitor (Mobil-O-Graph NG) might substantially underestimate SBP-B, as SBP-O was unusually lower than SBP-C in their invasive study. 15 Limitation of the present study We did not apply the A2B GTF to transform the invasive brachial pressure waveforms in the validation group, because the invasive brachial and aortic pressure waveforms were sequentially recorded and the hemodynamic changes between the recordings were unavoidable. Although the invasive brachial pressure waveforms and PVP waveforms were simultaneously recorded, they were not recorded from the same arm to avoid potential complications. As the current analysis was based on mainly elderly subjects at basal conditions, the results of the present study may not be directly applicable to younger subjects and subjects with higher heart rates or under challenges of vasoactive agents.
What is known about this topic K SBP-C can be estimated by a noninvasive PVP waveform and an A2P GTF . K There is concern about the accuracy of this approach.
What this study adds
K Although a brachial cuff-based PVP waveform lacks sufficient high-frequency signals in comparison with a brachial pressure waveform, it is enough to estimate SBP-C using a generalized transfer function approach with either an A2P GTF or an A2B GTF over the range of age and heart rates studied. K The performance of an A2B GTF is not inferior to that of an A2P GTF .
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